In the present study the interaction of Ra(II) with calcium silicate hydrates (C-S-H) as well as with fresh and degraded hardened cement pastes (HCP) has been investigated using batch-type sorption tests. Synthetic C-S-H phases with varying CaO : SiO 2 (C : S) mol ratios, relevant to non-degraded HCP and degraded HCP, were prepared in the absence of alkalis (Na(I), K(I)) and in an alkali-rich artificial cement pore water (ACW). The Ra(II) sorption kinetics, the effect of the solid to liquid ratio and the C : S mol ratio on the Ra(II) uptake were investigated. In addition, the reversibility of Ra(II) sorption was tested using dilution tests. Comparison with data on the uptake of Sr(II) by C-S-H phases obtained from previous in-house studies showed that the same model concept could be applied to interpret the immobilization of Sr(II) and Ra(II) in these systems. Ra(II) sorption on C-S-H in the absence of alkalis could be interpreted in terms of a Ra 2+ -Ca 2+ cation exchange model. The Ra 2+ -Ca 2+ exchange selectivity coefficient, Ra Ca K C , was determined to be (6 ± 4). There are indications that, in the presence of alkalis, the Ra(II) sorption by C-S-H phases can only be described with the help of an ion-exchange model involving Ra 2+ , Ca 2+ and the monovalent alkalis.
Introduction
In many concepts for the disposal of low-and intermediatelevel radioactive waste in deep geological repositories, cementitious materials are used for conditioning purposes and for the construction of the engineered barrier system. Calcium silicate hydrates (C-S-H) are major constituents of hardened cement paste (HCP). They may control the release of radionuclides from the cementitious near-field of the repository due to their long-term stability and their high immobilization potential for many radionuclides. *Author for correspondence (E-mail: jan.tits@psi.ch). 226 Ra is one of the major daughter nuclides of the most abundant uranium isotope, 238 U. It is an important radioisotope in waste, mainly originating from nuclear fuel fabrication facilities in Japan and from nuclear research and power plants in Switzerland. Radium uptake studies on cementitious materials are very scarce. Furthermore, the few existing studies mainly report measurements of single R d values under different conditions [1, 2] . In addition, the uncertainties on these data are large. The effects of important experimental parameters such as reaction time (e.g. from sorption kinetic experiments), Ra(II) concentration (e.g. from sorption isotherm measurements), or solid to liquid (S : L) ratio have not been investigated. Due to the rather poor quality of the available experimental data, values for appropriate chemical analogues of Ra(II), such as Sr(II) and Ba(II), are often recommended for use in sorption databases for the cementitious near-field (e.g. [3] ). Comparison of the ionic radii of the aqueous species in 8-fold coordination reveals that the ionic radius of Ra(II) (1.48 Å) is slightly larger than those of Ba(II) (1.42 Å) and Sr(II) (1.26 Å) [4] . At the Paul Scherrer Institute, the retention of Sr(II) by HCP and C-S-H phases has been intensively studied over the past few years [5] [6] [7] . The available in-house data suggest that Sr(II) is sorbed on the C-S-H fraction in cement. Furthermore, it appears that the mechanism responsible for the sorption of Sr(II) by C-S-H phases is cation exchange via a stoichiometric replacement of Ca 2+ by Sr 2+ at the surface sites of the C-S-H phases [7] . The Sr 2+ -Ca 2+ selectivity coefficient was estimated to be approximately unity.
The objectives of the present study are threefold: 1) To obtain a consistent set of experimental sorption data on HCP (stage I and II of the cement degradation [8] ) to fill a gap in the existing Nagra/PSI cement sorption databases, 2) To improve our understanding of the processes and mechanisms controlling the sorption of Ra(II) by cementitious materials, and 3) To test whether or not Sr(II) and Ra(II) exhibit similar sorption behaviour under cementitious conditions (chemical analogy).
To reach these goals, a series of wet chemistry studies were performed on HCP and C-S-H phases. In particular, sorption kinetic studies for HCP and C-S-H, studies of the effect of the S : L ratio and the effect of the CaO : SiO 2 (C : S) ratio in C-S-H systems were carried out. In addition, the reversibility of Ra(II) uptake by C-S-H was tested. The results from these studies are used together with data obtained for Sr(II) in earlier studies to develop a sorption model. The proposed sorption model is then applied to interpret Ra(II) uptake by HCP.
Experimental
All experiments were performed at (23 ± 2)
• C in a glovebox under N 2 atmosphere (O 2 , CO 2 < 1 ppm). Doubly demineralised water, conditioned by ultrafiltration with a Milli-Q water purification system (Millipore, Bedford, MA, USA) was used. Solutions were prepared from reagent grade chemicals. 226 Ra was purchased from Amersham, Tokyo, Japan, and diluted in 10 −4 M HNO 3 to prepare a stock solution with an activity of 5600 Bq mL −1 . 226 Ra activities were measured by alpha spectrometry in an energy window between 4.14 MeV and 4.87 MeV using an ORTEC Octete PC alpha spectrometer (ORTEC, Chiba, Japan). Prior to the alpha analysis, 20 µL samples were sintered on sinter plates at ∼ 800
• C. This treatment was applied to fix the 226 Ra onto the sample holder to avoid losses from the sample holder into the detector chamber of the alpha spectrometer.
Solution compositions were measured by plasma emission spectroscopy using an Applied Research Laboratory ARL 3410D inductively coupled plasma optical emission spectrometer (ICP-OES).
Due to experimental constraints concerning radiation protection and incorporation risks associated with the use of 226 Ra, very low 226 Ra concentrations (∼ 1.5 × 10 −8 M) had to be used. As a consequence, the relative uncertainties on the measured sorption data are quite large (∼ 50%).
Synthesis of C-S-H phases
C-S-H phases with varying C : S ratios were synthesised in Milli-Q water and in an Artificial Cement pore Water (ACW). The composition of ACW was based on an estimate of the pore water composition in a hardened cement paste before any degradation of the material had occurred [8] . The ACW contained 0.18 M KOH and 0.114 M NaOH and had a pH of 13.3. The Ca and Si concentrations in the pore water were fixed by the solubility of the respective C-S-H phase.
C-S-H phases were prepared using a modified "direct reaction" method [9] . AEROSIL 300 (SiO 2 ) (DegussaHuls AG, Baar Switzerland) was mixed with CaO in polyethylene bottles to give target C : S ratios between 0.6 and 1.82. To this, ACW or Milli-Q water was added to achieve S : L ratios between 10 −4 kg L −1 and 2 × 10 −2 kg L −1 . After an ageing period of at least 2 weeks, the C-S-H suspensions were ready for further use in sorption experiments.
The solubility of the C-S-H phases synthesised in Milli-Q water and in ACW is described elsewhere [7] . Briefly, the aqueous Ca concentration arising from the C-S-H phases increases with increasing C : S ratio of the solid whereas the aqueous Si concentration decreases. Plots of the equilibrium aqueous Si concentrations versus the equilibrium aqueous Ca concentrations in the absence of alkalis follow a pattern similar to "curve A" in the work of Chen et al. [10] , indicating that the C-S-H phases used in the present experiments do not contain Ca−OH groups in their structure. This implies that the C-S-H phases with high C : S ratios (> 1.2), synthesised in the present study, have structures based purely on 1.4-nm tobermorite rather than on jennite [10] .
The pH of C-S-H suspensions in the absence of alkalis is correlated with the C : S ratio of the C-S-H phases and varies between ∼ 10.0 and 12.5 [7] . The Ca concentration in equilibrium with the C-S-H phases synthesised in ACW at pH 13.3 is approximately a factor 10 lower than the Ca concentration in equilibrium with the C-S-H phases with the same C : S ratio but synthesised in Milli-Q water. In the case of C-S-H phases with C : S ratios above ∼ 1.1 and synthesised in ACW, the actual C : S ratios can be significantly lower than the target C : S ratios due to the presence of Ca(OH) 2 impurities [7] . The sorption of Ra(II) on portlandite is expected to be rather weak due to the low specific surface area of portlandite (∼ 6 m 2 g −1 ) compared to C-S-H phases (148 m 2 g −1 ) [7] . Hence it is assumed that the portlandite impurities do not affect the results of the sorption experiments. Note that in this study, values given for C : S ratios refer to actual C : S ratios.
All the C-S-H phases synthesised in ACW were found to have significant amounts of Na and K incorporated in their structure. The level of alkali incorporation decreased with increasing C : S ratio.
Preparation of fresh and degraded HCP
HCP with a water/cement ratio (W/C) of 1.3, was prepared from a commercial sulphate-resisting Portland cement (CEM I 52.2 N HTS, Lafarge, France), denoted HTS (haute teneur en silice) cement. A special manufacturing procedure was developed to produce fully hydrated HCP under CO 2 -free conditions [11] . Briefly, the cement powder was mixed with the appropriate amount of Milli-Q water and ice (50 : 50) to obtain a W/C ratio of 1.3. Ice was used to avoid an excessive increase in temperature caused by the exothermic hydration reactions in the cement. Cylindrical Plexiglas moulds were filled with this mixture and left to hydrate at room temperature at a relative humidity of 100% for approximately 6 months. Hydration of the cement samples was found to be completed after approximately 3 months. The chemical and phase compositions of the HCP are given elsewhere [12] .
For the batch sorption experiments with fresh HCP, a powder material was prepared by crushing the cylindrical samples in a mortar under CO 2 -free conditions, air-drying in a glove-box (relative humidity ≈ 10%) and sieving the material to collect the fraction ≤ 63 µm. The N 2 -BET surface area of the cement powder was determined to be (46 ± 4) m 2 g −1 . A synthetic cement pore water was used for the preparation of HCP suspensions in order to prevent any alteration of the fresh HCP material during the sorption experiments. This pore water was slightly different from the ACW used in the experiments with C-S-H phases in that it had an Al concentration of 5 × 10 −5 M and a SO 4 2− concentration of 3 × 10 −3 M to prevent the dissolution of the aluminate phases in the HCP. A detailed description of the pore water and its preparation are given elsewhere [13] . Fresh HCP suspensions were prepared by mixing 0.08 g HCP powder with 40 mL of ACW in polypropylene containers and equilibrating these suspensions for at least one week.
For the batch sorption experiments using degraded HCP, 4 g of powdered material was mixed with 200 mL of Milli-Q water. This suspension was homogenised and equilibrated on an end-over-end shaker for three days. After centrifugation for 10 minutes at 5000 rpm, 180 mL of the supernatant solution were removed and replaced by 180 mL of Milli-Q water. The samples were resuspended and equilibrated for another three days. The pH and the Ca concentration of the final suspension was (12.5 ± 0.1) and 2.1 × 10 −2 M, respectively. For the batch sorption experiments, four samples with 40 mL suspension were prepared in 50 mL polypropylene containers.
Batch sorption experiments
C-S-H suspensions with different C : S ratios as well as fresh and degraded HCP suspensions were prepared in 50 mL bottles as described above. After equilibration, aliquots between 1 and 30 mL of each suspension were filtered and the filtrate kept for the preparation of standards or for dilution purposes. The remaining C-S-H suspensions were labelled with the 226 Ra stock solution to reach a total activity of 112 to 140 Bq mL −1 (1.3 × 10 −8 M to 1.7 × 10 −8 M) and then shaken end-over-end for the appropriate period of time required by the experiment.
For the sorption experiments with varying S : L ratios (C-S-H phases) a stepwise procedure was applied: Prior to the addition of the 226 Ra stock solution, dilution series were prepared from C-S-H suspensions with a starting S : L ratio of 2 × 10 −2 kg L −1 . To achieve this, each C-S-H suspension was diluted with its respective filtrate to obtain S : L ratios between 10 −4 kg L −1 and 2 × 10 −2 kg L −1 . These diluted suspensions were further equilibrated for at least one day prior to labelling with the 226 Ra stock solution. The labelled suspensions were shaken end-over-end for one week prior to sampling.
For the desorption experiments, several 40 mL C-S-H suspensions with a S : L ratio of 5 × 10 −3 kg L −1 were labelled with 1 mL of the 226 Ra stock solution to obtain an initial 226 Ra activity of 140 Bq mL −1 . The labelled suspensions were shaken end-over-end for one month. During this period samples of each suspension were taken after 1 day, 7 days and 30 days, and the 226 Ra sorption was determined. Desorption of 226 Ra was achieved by diluting aliquots of the remaining labelled suspension after each sampling as follows: Two aliquots of the remaining suspension (4 mL and 1 mL) were transferred to new bottles and diluted with their respective filtrates, taken before labelling, to obtain dilution factors of 7.5 and 30, respectively. Note that this dilution caused a decrease of the S : L ratio of the suspensions. The experimental data presented in the further course of this study, will show that the S : L ratio of the suspension has no effect on the experimental results. The diluted suspensions were shaken end-over-end for one week which was the time period assumed to be sufficient to reach the new equilibrium.
The Ra(II) uptake by the solids was determined as the difference between the 226 Ra activity in the supernatant solution at the end of the sorption experiment and the 226 Ra activity at the beginning of the sorption experiment. Phase separation and preparation of the samples for activity measurements was carried out as follows: Four 1 mL samples were taken from each suspension and subsequently filtered using the same ultrafiltration filter unit (Advantec USY 1, 10 kDa, Advantec, Toyo Roshi Kaisha, LTD, Japan). The first two samples were used to equilibrate the filter with the equilibrium solution and, thus, were discarded. (Preliminary tests showed that two filtration steps were sufficient to reach equilibrium.) The filtrates of the other two samples were used for 226 Ra analysis. For this, 200 µL of the filtrates were diluted with 3.8 mL Milli-Q water. Dilution was required to avoid quenching by the high salt concentrations in alpha spectrometry. 20 µL of the diluted filtrates were transferred to sinter plates and sintered at a temperature of 800
• C. To prepare 226 Ra standards for α-measurements, 200 µL filtrate taken from each suspension before 226 Ra addition, were diluted with 3.8 mL Milli-Q water to obtain the same matrix as in the sorption samples. These diluted filtrates were labelled with 100 µL of a 226 Ra tracer solution (280 Bq mL −1 ) to obtain a total activity of 7.0 Bq mL −1 . Again, 20 µL of these diluted filtrates were transferred to sinter plates and sintered at a temperature of 800
• C prior to alpha analysis.
Results

Interpretation of the experimental data
The uptake of Ra(II) is quantified in terms of a distribution ratio, R d . The R d describes the partitioning of the metal cation between the solid phase and the liquid phase in a batch sorption experiment, and is defined as: Note that in the present paper, the mass of C-S-H solid is based upon a dry weight after ignition at 1000
• C; i.e. no water molecules are taken into account.
The amount of Ra(II) sorbed on the solid, Ra(II) S , and the Ra(II) concentration in the equilibrium solution after sorption, [Ra(II)], were calculated with the help of the following mass balance:
[Ra(II) ini ]: The initial concentration of Ra(II) in the suspension [M] . {Ra(II) S } can be expressed as a function of the R d value using Eq. (1). The mass balance then becomes:
Rearranging this mass balance then gives the following expression for [Ra(II)]: 
Sorption kinetics on C-S-H phases and on HCP
The kinetics of the Ra(II) uptake by C-S-H phases were measured on a series of C-S-H phases with different C : S ratios in the absence of alkalis and in the presence of alkalis in ACW. The total Ra(II) concentration was 1.42 × 10 −8 M and the S : L ratio was 5 × 10 −3 kg L −1 for the experiments in the absence of alkalis and 2 × 10 −3 kg L −1 for the experiments in ACW. The results show that the uptake of Ra(II) by the C-S-H phases is fast and that sorption equilibrium was attained within one day (Fig. 1a) . Furthermore, a clear dependence on the C : S ratio is observed. Similar observations were made for the Ra(II) uptake by degraded HCP (Fig. 1b) . In this case, the R d value at equilibrium was approximately 140 L kg −1 . A two-step process is envis- aged to explain the Ra(II) uptake in fresh HCP; Fast sorption occurred within one day, giving rise to an R d value of 260 L kg −1 . In a second step the Ra(II) appears to increase slowly to an R d value of 400 L kg −1 over a period of 60 days. Nevertheless the significance of the slow increase in the R d value can be questioned due to the high uncertainties on the data.
Effect of the C : S ratio
The dependence of the Ra(II) uptake on the C : S ratio of the C-S-H phases is further illustrated in Figs. 2a and 2b . In the absence of alkalis (Fig. 2a) , the R d value decreases from about 2 × 10 3 L kg −1 on a C-S-H phase with a C : S ratio of 0.96 to about 100 L kg −1 on a C-S-H phase with a C : S ratio of 1.6. In ACW (Fig. 2b) 
Desorption experiments
The reversibility of the Ra(II) uptake by C-S-H phases was tested on two C-S-H phases with C : S ratios of 0.96 and 1.6 as a function of the contact time used in the sorption step (Fig. 3) . In 
Discussion
The data presented in this study show that the Ra(II) sorption strongly depends on the C : S ratio of the C-S-H phases. This finding agrees with earlier observations made during investigations of the sorption of Sr(II) by C-S-H phases [7] . Sr(II) uptake by C-S-H phases resulted in the release of an equal amount of Ca(II) into solution, suggesting that the Sr(II) sorption onto C-S-H phases occurs via a cation-exchange process. In Fig. 4 , the mean R d 's for Ra(II) sorption onto C-S-H are plotted against the equilibrium Ca(II) concentration in solution for each C-S-H phase. The mean R d values were determined for each C-S-H phase using the sorption kinetics data (Fig. 1a) and the data obtained from the sorption tests in which the S : L ratio was changed (Fig. 2) . In Fig. 4 , the R d values for Ra(II) are further compared to the corresponding Sr(II) data that are reported in detail elsewhere [9] . Although there are much less data available and the scatter of the data is larger, the R d values for Ra(II) show a trend similar to that previously observed for Sr(II); i.e. R d values are inversely proportional to the equilibrium Ca(II) concen- tration in solution. Note that speciation calculations using the Nagra/PSI chemical thermodynamic database [14] 
The selectivity coefficient,
Ra
Ca K , is given by: 
{M S 2+ }: The amount of divalent cations sorbed in mol kg −1 . CEC: The cation exchange capacity of the C-S-H phase in eq kg −1 .
The CEC for all C-S-H phases, regardless of the C : S ratio, was estimated to be 1.2 eq kg −1 [7] . This estimate was based on two assumptions: 1) The specific surface area of the C-S-H phases is independent of the C : S ratio. 2) Only edge and planar sites on the C-S-H phases are available for the sorption of divalent cations with an ionic radius larger than the ionic radius of Ca 2+ . Thus, it was assumed that the interlayer sites are not accessible for the ion exchange processes.
For Ra 2+ -Ca 2+ exchange, the activity coefficients for both cations are the same. Thus, activities can be replaced by concentrations in Eq. (6): Ca K C values are shown that were calculated using the experimental data obtained from the Ra(II) sorption experiments on C-S-H phases with different C : S ratios in the absence of alkalis (Fig. 2a) . Although the scatter on the data is relatively large, the plot shows that there is no systematic variation of the Ra Ca K C value with the S : L ratio used in the experiments and the C : S ratio of the C-S-H phase. The mean Ra Ca K C value was estimated to be 6 ± 4. It can be concluded that a Ra 2+ -Ca 2+ cation-exchange model is capable of correctly predicting the Ra(II) uptake by C-S-H phases in the absence of alkalis. Furthermore, it should be noted that Ra 2+ sorbs more strongly to C-S-H phases than Sr 2+ . Tits et al. [7] obtained a selectivity coefficient,
Ca K C , of (1.2 ± 0.3) for the Sr 2+ -Ca 2+ exchange reaction on C-S-H phases. This is a factor 5 lower than the Ra Ca K C value. Assuming that Ra(II) only sorbs on the C-S-H fraction in HCP and that the aqueous Ra(II) speciation is dominated by the Ra 2+ species ([Ra(II)] = [Ra 2+ ]), the cation-exchange model developed above can be used to estimate the R d value for the Ra(II) sorption on degraded HCP. The distribution ratio (Eq. (1)) on HCP can be described as a function of the CEC and N Ra 2+ with the help of Eqs. (7) and (8):
The following expression for the R d value is obtained by combining Eq. (8) and Eq. (9) and using N Ca 2+ = 1:
Degraded HCP contains approximately 60 wt % of C-S-H phases. This implies that the CEC of HCP is approximately 60% of the CEC of C-S-H phases (0.72 eq kg −1 ). The aqueous Ca 2+ concentration in equilibrium with degraded HCP is 2 × 10 −2 M (Ca 2+ is the dominating Ca(II) species at pH 12.5). Assuming a Ra 2+ -Ca 2+ selectivity coefficient of 6 ± 4, the R d value for Ra(II) on degraded HCP is estimated to be (110 ± 70) L kg −1 which is in accord with the measured value of (140 ± 20) L kg −1 (Fig. 1b) . Hence, the proposed cation exchange model can be applied to predict the R d value for Ra(II) in alkali-free HCP systems.
The R d values for Ra(II) determined on C-S-H phases in the presence of alkalis in ACW show a similar dependency on the equilibrium Ca(II) concentration to those measured in the absence of alkalis (Fig. 4) . This implies that the Ra(II) uptake by C-S-H phases in alkali-rich systems is most probably predominantly controlled by the Ra 2+ -Ca 2+ exchange. Nevertheless, the R d values for Ra(II) in ACW are approximately a factor 3 lower than the sorption values in the absence of alkalis, which is a strong indication that, in addition to Ca 2+ , the alkalis take part as competing ions in the cation exchange process. This finding further implies that in alkalicontaining systems the Ra(II) uptake by C-S-H phases must be described by a ternary cation exchange model. Data analysis of this complex exchange system requires detailed knowledge of Ca(II) replacement by Na(I) and K(I). This topic will be addressed in a future publication.
Conclusions
The present study shows that distribution ratios (R d values) for Ra(II) sorption on C-S-H phases can vary between 100 L kg −1 and 10 4 L kg −1 depending on the Ca(II) concentration and to a lesser extent on the alkali concentrations in the aqueous phase. The Ra(II) uptake by C-S-H phases can be described by a linear, reversible sorption process. In line with a previously developed model for Sr(II) sorption by C-S-H phases [7] , the sorption of Ra(II) can be explained in terms of an ion exchange model. The selectivity coefficient, Ra Ca K C , for this exchange reaction was calculated to be (6 ± 4). Thus, the selectivity coefficient for the Ra(II)-Ca(II) exchange is approximately a factor 5 higher than the selectivity coefficient for the Sr(II)-Ca(II) exchange [7] . The ion exchange model developed for the Ra(II) sorption on C-S-H phases in the absence of alkalis was used to predict the sorption of Ra(II) onto degraded HCP. Predictions and experimental results were found to agree well.
